Nonviable poliovirus capsid mutants were studied by an efficient infection-transfection system. Phenotypically, nonviable poliovirus capsid mutants appear to segregate into three classes: those that form only protomers, those that can form pentamers, and one that can form completed virions.
The ability to construct site-specific mutations within genomic cDNA clones of RNA viruses has yielded a wealth of information on viral gene function. Through the use of standard recombinant techniques, construction of viable and conditional lethal poliovirus mutants has enabled the effects on viral infection, genome replication, immune avoidance, and host pathology of specific amino acid or nucleotide substitutions to be examined. However, site-specific mutagenesis studies have generated additional nonviable poliovirus clones (7, 8, 12, 16, 18, 19) . Although the mutations leading to these nonviable viruses demonstrate the importance of specific protein and/or nucleic acid residues, it has been difficult to identify the replication stages affected in these mutants. These difficulties are in part technical, stemming from the low efficiencies typically observed upon transfection of plasmids containing the mutant cDNAs or RNA transcripts and/or the asynchrony of viral gene expression observed after transfection. Here we describe an efficient transient transfection system that allows the study of nonviable poliovirus capsid mutants.
Transfection of poliovirus cDNAs. Transfection of poliovirus cDNAs utilized the high transfection efficiency afforded by electroporation (4) ; the plasmid pPVM-1, which contained an infectious cDNA copy of the poliovirus genome (serotype 1, Mahoney strain) downstream of a bacteriophage T7 RNA promoter (17, 20) ; and the expression of T7 RNA polymerase from a recombinant vaccinia virus, vTF7-3 (5). HeLa cells, maintained in suspension, were pelleted and resuspended at a concentration of 5 x 106 cells per ml in Joklik-minimum essential medium (GIBCO)-20 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) (pH 7.2)-0.1% bovine serum albumin. Cells were infected with sucrose-purified vTF7-3 at a multiplicity of infection of 20. Virus was allowed to adsorb for 60 min at 37°C with gentle shaking every 10 to 15 min. Plasmid pPVM-1 (20 ,ug/ml with 60 ,ug of salmon sperm DNA per ml as a carrier) was transfected into vTF7-3-infected HeLa cells (2 x 10' cells per 0.4 ml) with an electroporation device (BTX Electro Cell Manipulator 600) set at 170 to 175 V (delivering a field strength of 0.68 to 0.7 kV/cm), 13 fl, and 1,650 ,uF, using 2-mm-gap electroporation cuvettes (Bio-Rad). (The electro-poration conditions were determined to be yielding optimal transfection efficiencies with approximately 30% cell viability [4] . For (10 ,ug each) were subjected to electrophoresis through an SDS-10% polyacrylamide gel and transferred onto nitrocellulose filters. These were analyzed by autoradiography (Fig.  1 ).
Cells infected with vaccinia virus vTF7-3 and transfected with plasmid pPVM-1 (vTF7-3-infected/pPVM-1-transfected cells) produce the same protein profile as that observed for wild-type poliovirus-infected cells, with a few additional vaccinia virus-specific proteins (Fig. 1, lanes 2 and 4) . The identities of poliovirus-specific bands seen in the autoradiograph were confirmed by Western blot (immunoblot) analysis (data not shown). The inclusion of dactinomycin (5 ,ug/ml) at 2 h posttransfection strongly reduced both poliovirus protein and background protein bands. Consistent with poliovirus transcription being driven initially from the T7 promoter and with the kinetics of T7 RNA polymerase expression from the vaccinia virus vTF7-3 vector (5), DNAdependent RNA synthesis is necessary for more than 2 h posttransfection to provide sufficient templates for poliovirus RNA and protein synthesis. The relatively low amount of background cellular protein synthesis observed most likely results from the shutoff of host protein synthesis that occurs in both vaccinia virus-and poliovirus-infected cells. The low background of cellular protein synthesis allowed the production of poliovirus-specific proteins to be directly assessed in labeled cell lysates without additional analyses by immunoprecipitations or Western blots. The efficiency of the cou- pled vaccinia virus infection-cDNA transfection system is also reflected by the high percentage of cells producing virus upon transfection of the infectious wild-type pPVM-1 plasmid; approximately 30 to 35% of the viable cells (i.e., 10% of the electroporated cells) release infectious virus as measured by infectious center assays (data not shown).
The low background of labeled host and vaccinia virus proteins allowed the poliovirus capsid assembly intermediates formed in transfected cells to be examined directly on sucrose gradients (15) . The major assembly products (5S protomers, 14S pentamers, 73S empty capsids, and 150S mature virions) are present in labeled lysates from vTF7-3-infected/pPVM-1-transfected cells ( Fig. 2A) . SDS-polyacrylamide gel analysis of the peak fractions from the gradients displays the expected VPO-VP1-VP3 protein composition for the various assembly intermediates. In addition, the 150S particles are infectious and are indistinguishable from sucrose-purified, mature virions obtained from wild-type-infected HeLa cells. Thus, the poliovirus assembly pathway observed in the coupled poliovirus plasmid transfectionvTF7-3 infection system recapitulates that which is observed during poliovirus infection and enables the assembly of nonviable poliovirus capsid mutants to be analyzed with an ease comparable to that for viable viral mutants.
Analyses of nonviable poliovirus capsid mutants. Analyses of nonviable poliovirus capsid mutants using the described infection-transfection technique were undertaken to determine at which stage in the assembly pathway nonviable mutants were blocked. Previous site-specific substitutions in residues that form the myristoylation signal sequence (18) , form neutralization site 3B (16) 
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;°q I (15) . The positions of the 5S protomers, 14S pentamers, 73S empty capsids, and 150S mature virions were identified in a gradient containing the wild-type-transfected lysates which was run in parallel with the gradients containing the mutant lysate during each centrifugation. Autoradiographs of an unenhanced gel of the peak fractions are displayed on the right of the figure. Lanes 1, unfractionated lysate; lanes 2, 5S region; lanes 3, 14S region; lanes 4, 73S region; lanes 5, i5OS region. The 4028T.G profile was generated by fractionating the entire lysate on a 6 to 25% sucrose gradient, after which the pellet from this gradient was resuspended and separated on a 15 to 30% sucrose gradient. (6, 8, 11) . Another method relies on the DEAEdextran-mediated transfection of in vitro-transcribed viral RNA into susceptible cells in an effort to force one cycle of replication (9, 10 
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